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RESUMO

Introducdo: O ambiente tolerogénico imposto pela célula neoplasica é uma das estratégias adquirida
para progressao do tumor. Essa condicdo impede que o reconhecimento de antigenos tumorais por
células T citotoxicas que tem a fungdo vigilancia imunolégica. Pesquisadores investem muitos esforgos
para compreender e contornar esse ambiente supressor, dentre esses, hd uma nova visdo acerca do uso
dos quimioterapicos, exemplificando, como a doxorrubicina (Dox) e paclitaxel (Pacli), que podem
induzir um subtipo especifico de apoptose, denominado de morte celular imunogénica (MCI),
desencadeando uma ativacdo da resposta imune através de padrdes moleculares associados a dano
celular (DAMP). Objetivo: Nesse presente trabalho avaliamos uma abordagem de quimio-imunoterapia
no tratamento do cancer de mama metastético utilizando uma formulagdo farmacéutica que contem
nanocarreadores lipossomais como veiculo da combinacdo dos farmacos Pacli e Dox para desencadear
acdo contra células tumorais de mama metastétizadas para regido pulmonar com auxilio da ativacéo do
sistema imune pelo aumento do infiltrado linfocitico. Além disso, avaliamos a reducéo da toxicidade
sisttmica dos quimioterapicos carreados em nanosistema lipossomal. Metodologia: O nanosistema
lipossomal (Lipo) foi idealizado para carrear simultaneamente, doxorrubicina e paclitaxel (Lipo-Pacli/
Dox), dois quimioterapicos com farmacocinética e polaridades diferentes. Atividade antitumoral e a
seguranca in vivo foram realizados testes pre-clinicos em camundongos (Balb/c) submetidos a inducéo
xenoenxerto com células tumorais de cancer de mama murino (4T1). O tratamento foi realizado em
ciclos das dosagens da formulacdo Lipo-Pacli / Dox. Apos periodo de tratamento de pré-tratamento
realizamos imuno-histoquimica para analisar amostras de tecido embebidas em parafina quanto a
presenca de linfécitos infiltrantes de tumor CD3* positivos. Resultados: Observamos que essa
encapsulacio dos quimioterapicos tem ganhos na reducio da toxicidade sistémica. E importante ressaltar
que o tratamento com a combinagdo de Pacli / Dox coencapsulados em lipossomos aumentou a
sobrevida dos animais, sendo que este grupo de tratamento obteve 100% dos animais vivos durante
periodo experimental (51 dias). O que ndo pdde ser visto com o tratamento com a combinacao de Pacli /
Dox na forma livre tendo uma reducdo de animais desse grupo restando apenas 40% até o final do
periodo experimental. Evidéncia demonstrada pelo aumento significativo de linfécitos TIL presente nos
locais metastaticos pulmonares. Interessante que essa infiltracdo linfocitaria estivesse fortemente
correlacionada com o comprometimento das metastases. Conclusdo: Em conjunto, esses resultados
indicam que, dentro dessa abordagem, Dox e Pacli poderiam atuar ndo apenas como drogas citotdxicas,
mas também positivamente na modulacdo do sistema imunoldgico levando sucesso no tratamento
oncolégico para aplicagdo na clinica. Consequentemente, apresentando uma incidéncia
significativamente menor de metéstases na apresentacdo do que aqueles com baixo ndmero de linf6citos

infiltrantes de tumor.

Palavra-chave: nanomedicina, morte celular imunogénica, quimio-imuno, cancer de mama metastatico,
combinacdo doxorrubicina e paclitaxel.



ABSTRACT
Introduction: The tolerogenic environment imposed by the neoplastic cell is one of the acquired

strategies for tumor progression. This condition prevents the recognition of tumor antigens by cytotoxic
T cells that have the function of immune surveillance. Researchers invest a lot of efforts to understand
and circumvent this suppressive environment, among them, there is a new vision about the use of
chemotherapeutic drugs, exemplifying, such as doxorubicin (Dox) and paclitaxel (Pacli), which can
induce a specific subtype of apoptosis, called immunogenic cell death (MCI), triggering an activation of
the immune response through molecular patterns associated with cell damage (DAMP). Objective: In
this work, we evaluated a chemo-immunotherapy approach in the treatment of metastatic breast cancer
using a pharmaceutical formulation containing liposomal nanocarriers as a vehicle for combining the
Pacli and Dox drugs to trigger action against metastatic breast tumor cells for the lung region with the
aid of activation of the immune system by increasing the lymphocytic infiltrate. In addition, we
evaluated the reduction in systemic toxicity of chemotherapeutic drugs carried on liposomal
nanosystems. Methodology: The liposomal nanosystem (Lipo) was designed to carry, simultaneously,
doxorubicin and paclitaxel (Lipo-Pacli / Dox), two chemotherapeutic drugs with different
pharmacokinetics and polarities. Antitumor activity and in vivo safety, preclinical tests were performed
on mice (Balb / c) subjected to xenograft induction with murine breast cancer tumor cells (4T1). The
treatment was performed in cycles of dosages of the formulation Lipo-Pacli / Dox. After the
pretreatment treatment period, we performed immunohistochemistry to analyze tissue samples
embedded in paraffin for the presence of infiltrating lymphocytes of CD3* tumor. Results: We observed
that this encapsulation of chemotherapeutic drugs has gained in reducing systemic toxicity. It is
important to highlight that the treatment with the combination of Pacli / Dox coencapsulated in
liposomes increased the animals' survival, and this treatment group obtained 100% of the live animals
during the experimental period (51 days). What could not be seen with the treatment with the
combination of Pacli / Dox in the free form having a reduction of animals of this group remaining only
40% until the end of the experimental period? Evidence demonstrated by the significant increase in TIL
lymphocytes present in the metastatic lung sites. It is interesting that this lymphocytic infiltration was
strongly correlated with the impairment of metastases. Conclusion: Together, these results indicate that,
within this approach, Dox and Pacli could act not only as cytotoxic drugs, but also positively in
modulating the immune system leading to successful oncological treatment for application in the clinic.
Consequently, presenting a significantly lower incidence of metastases at presentation than those with a

low number of tumor-infiltrating lymphocytes.

Keyword: Nanomedicine, immunogenic cell death, chemo-immuno, metastatic breast cancer,
combination of paclitaxel and doxorubicin.
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1. REFERENCIAL TEORICO

1.1.  Cancer e sua relagéo com sistema imune

Resumidamente, o sistema imune inato é composto pelas células que realizam a
fagocitose como, mondcitos, macréfagos e neutréfilos. Essa agdo ocorre quando essas
células englobam o patdgeno, que € destruido no interior dos lisossomos (HANAHAN;
WEINBERG, 2011). Vale ressaltar que este tipo defesa ndo sdo especificos e ndo tém
memoria. J& o sistema imune adaptativo é altamente especifico para o agente infeccioso,
memorizando-o e tornando-o cada vez mais eficiente a cada encontro com o patégeno.
As células mais atuantes sdo os linfocitos que reconhecem especificamente o agente
infeccioso tanto no interior das células como nos tecidos. Eles podem ser agrupados em
duas categorias: os linfocitos T (células T) e os linfdcitos B (celulas B) (DUNN et al.,

2002).

Elementos da imunidade inata e adaptativa contribui na montagem da resposta
imune contra tumores. Inicialmente o reconhecimento das células tumorais pelo sistema
imune se dar através de antigenos tumor especifico que sdo expressos exclusivamente
pelas células tumorais ou antigenos associados a tumor, que sdo marcadores
encontrados também em células normais, porém, nas células tumorais é
quantitativamente maior (HANAHAN; WEINBERG, 2011). O sistema imune pode
atuar como um duplo papel em relacéo as células neoplésicas. No qual o sistema imune

pode suprimir e/ ou promover o desenvolvimento do cancer (TENG et al., 2015).

Do ponto de vista da promocéo do crescimento do tumor as células neoplésicas tém
a capacidade de adquirir mecanismos de escape a vigilancia imunolégica (HANAHAN;

WEINBERG, 2011). Seja, estimulando as células imune por meio de regulacéo
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negativa, perda de antigenos tumorais e/ ou reduzindo moléculas apresentadoras de
antigenos. Além de, estabelecer no microambiente tumoral células imunossupressoras
que podem ser por via de producdo fatores metabdlicos e citocinas (exemplo, VEGF,
TGF-B), inducdo de resisténcia imune adaptativa através receptores inibitorios
(exemplo, CTLA-4, PD-1), inducéo e/ ou recrutamento de células T regulatdria (Treg) e
células supressoras derivadas de mieloide (do inglés: myeloid-derived supressor cells -
MDCs) que desempenham funcgdes diversos e criticas na promo¢do de ambiente pro-

tumoral (DENARDO; COUSSENS, 2007; TENG et al., 2015).

Um dos pontos principais da resposta imunitaria ao cancer é que as células
neoplésicas expressam antigenos que podem ser reconhecidos pela classe de células
apresentadoras de antigenos (exemplo, dendritica, macrdfagos), consequentemente
ativam as células que sdo defesa do organismo, como as células infiltrantes de tumor
(do inglés tumor-infiltrating lymphocytes - TILs), marcadamente pelas células T
citotoxicas (KRYSKO et al., 2012; SAVAS et al., 2016; HASHEMI et al., 2020). Os
subconjuntos de TILs sdo reconhecidos por biomarcadores especificos expressos na
superficie celular, CD3, uma proteina receptora das células T que apds o
reconhecimento de antigenos sédo ativadas (CD3") (RYAN, 2010). Ja o CD8, que é um
co-receptor do receptor de células T, é expresso nos linfocitos T citotoxicos (CTL). As
variagOes da quantidade dos subconjuntos dos TILs depende do tipo de tumor e sua

ativacdo (SHURIN et al., 2013).

De fato, os TILs tém uma variagcdo quanto aos niveis encontrados em diferentes
tipos tumorais, varias observagdes pertinentes devem ser consideradas em relagdo as
células neoplasicas e o tumor, como: tipo celular, a origem do tumor, localizacéo,

densidade e orientacdo funcional das células hematopoiéticas infiltracdo linfocitica esta
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associada a um bom resultado clinico em muitos tipos diferentes de tumores (TENG et
al., 2015). Relatos que uma forte infiltracdo linfocitica esta associada a um bom
resultado clinico em muitos tipos diferentes de tumores (FRIDMAN et al., 2012), como
exemplo cancer de mama, que é visto a presenca de células imune organizadas e a
geracdo de células B de memdria dentro do tumor (SAVAS et al., 2016), altas
densidades de TILs (CD3+), células T citotdxicas (CD8+) e CD45 (em todas as células
hematopoiéticas diferenciadas, exceto eritrécitos e células plasmaéticas), que estavam
claramente associadas a uma sobrevida livre de doenca mais longa (ap6s resseccdo

cirtrgica do tumor primario) e/ ou sobrevida global (TENG et al., 2015).

1.2.  Cancer de mama e células infiltrantes de tumor (TILS)

Um dos tipos de canceres mais recorrentes em mulheres é o cancer de mama e se
diferem dependo da origem na mama, como carcinoma ductal in situ e invasivo. Depois
da biopsia é possivel definir qual tipo de celular expressdo dos receptores hormonais
[receptores de estrdgeno (RE) e receptores de progesterona (RP) ] e a superexpressao ou
amplificacdo do fator de crescimento humano epidérmico receptor-2 (HER2). Como
também ndo podem expressar esses tipos de receptores e sdo chamados de mama triplo
negativo (do inglés triple negative breast cancer - TNBC) (ACS,2020), apresentam
maior risco de recorréncia no periodo de trés anos e maiores taxas de mortalidade em

cinco anos, quando comparados aos outros subgrupos (INCA, 2014).

No tecido mamario canceroso, principalmente no estroma adjacente, do ponto de
vista imunol6gico pode ser visto uma quantidade elevada de infiltrados de células
imunes, 0 que ndo sdo normalmente encontrados em mama sadia (Loi S, Drubay D,
Adams S et al, 2019). Os TILs, do tipo Treg e T auxiliadora, sdo mais comumente

encontrados nos canceres de mama o que foi relatado em um estudo abrangente com
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mulheres com céncer de mama positiva para linfonodos, foram vistos porcentagem TILs
diferenciada para cada tipo de células de cancer de mama (Gabrilovich and Nagaraj,
2009). As células do sistema imune, linfocitos T citotoxicos CD8* (CTLs) e células
natural Kkiller (NK), desempenham um papel critico na restricdo do desenvolvimento do
tumor (Dunn and Schreiber,2004). Entretanto, acdo desses programas antitumorais
possa ser barrados por outros subconjuntos de leucdcitos que, em vez disso, promovem
o0 desenvolvimento do tumor de mama, exemplo, tais como os linfécitos Treg. Que
regulam negativamente todas as outras células do sistema, incluindo as apresentadoras
de antigenos e as celulas linfociticas com atividade citotdxica (Loi S, Drubay D, Adams

Setal, 2019).

Como exemplo clinico, Savas e colaboradores (2016), mostraram que pacientes com
diferentes tipos de cancer de mama apresentam uma correlacdo positiva entre a
intensidade do infiltrado de linfocitos ativados e uma resposta terapéutica mais
eficaz(SAVAS et al., 2016). Portanto, 0 aumento na quantidade de células linfociticas
ativadas é um sinal de que o sistema imunolégico possa estar atuando contra a

proliferacdo das células tumorais (SAVAS et al., 2016).

Em boa parte dos estudos correcdo do sistema imune e céancer é relatado no
ambiente do tumor primério, normalmente pela facilidade de observagdo principalmente
nos processos de cirurgia e biopsias (KROEMER et al., 2013; SAVAS et al., 2016).
Quando se observa uma reagdo imune do paciente € visto uma diminuicdo da
disseminacdo da metéstase. Porém, quando as células tumorais estdo estabelecidas em
Orgdos distantes, consequentemente teve o escape a vigilancia imunoldgica, ainda nédo
se tem uma resposta sobre atuacdo do sistema imune nessas regifes metastaticas.

Acerca deste questionamento, alguns estudos comegaram a investigacdo em regides de
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metéstases, através de amostragens de locais metastaticos submetidos a cirurgia por

razdes curativas ou paliativas (HANAHAN; WEINBERG, 2011).

Como alternativas para reverter o ambiente tumoral tolerogénico, no trabalho de
Obeid et al.2007, relatou que diferentes tipos de quimioterapicos farmacos, incluindo a
doxorrubicina (Dox), podem induzir um subtipo especifico de apoptose, denominado
morte celular imunogénica (ICD), que pode desencadear uma resposta imunoldgica

contra células tumorais.

1.3.  Abordagem dos quimioterapicos como ativadores do sistema imunolégico

Nas Ultimas décadas, foi identificado na literatura que alguns quimioteréapicos, tais
como a Dox, Pacli, apresentam algumas propriedades diferentes daquelas classicas
relacionadas a atividade citotoxica e imunossupressora. Entre estas, foi descrito que
estes farmacos sdo capazes de induzir um tipo especial de morte celular programada, ou
apoptose, que ativa o sistema imunoldgico. Esta forma especial de apoptose foi
denominada de morte celular imunogénica (MCI), que se caracteriza pela expresséo de
alguns elementos imunoadjuvantes com capacidade de criar um ambiente de maior
imunovigilancia, auxiliando na erradicacdo das células tumorais (KROEMER et al.,

2013; POL et al., 2015).

A atuacdo dos quimioterapicos nas células tumorais podem causar uma
desorganizacdo celular, principalmente na organela do reticulo endoplasmatico (RE).
Dentro do RE existem varias proteinas especificas que auxiliam no dobramento de
novas proteinas, como por exemplo a calreticulina (CRT), GRP78/BiP e GRP94.
Entretanto, quando RE sofre um estresse continuo o principal evento é a translocagdo

dessas proteinas para citosol e, em seguida, sdo expostas na membrana plasmatica da
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célula. E é por meio desta exposi¢cdo que essas proteinas mudam de funcgdo, sendo
denominadas agora de padrdes moleculares associados a dano (DAMP) (Krysko et al,

2012).

E é nesse sentido que muitas pesquisas tém sido voltadas para o reticulo
endoplasmatico, buscando meios de atingir a organela e, com isso, ativar o0 mecanismo
de regulacdo da emissdo de DAMP, bem como da atuacdo destes na MCI. De acordo
com Garg e Agostinis (2014), a reposta antitumoral exercida pela De acordo com
Koberlik et al. (2015), a emissdo dos DAMPs os tornam imunoativadores potentes em

células em processo de estresse, dano ou morte (LI; LEE, 2006).

Lembrando que essa proteina estd sempre presente no reticulo endoplasmaético
normal, no entanto, o estresse dessa organela leva a translocacdo da CRT (OBEID et al.,
2007). Sendo vista neste momento como um leva a translocacdo da CRT, que passa a
ser denominada de padrdo molecular associado a dano (DAMP) um sinal imunoatrativo
(GARG et al., 2014). Os pesquisadores comegaram uma intensiva investigagdo para
entender como o0s quimioterapicos podem atuar no sistema imune, levando uma melhora
na terapia contra o cancer. No trabalho de Obeid e coautores (2007), os autores
descreveram que que a Dox, sdo capazes de induzir a MCI. Apds a exposicdo da Dox as
células tumorais (carcinoma de célon murino-CT26) foi visto um aumento da
translocacdo da CRT para superficie células neoplésicas que lancam um "sinal do tipo
reconhega-me", que atrai a resposta imune contra estas células. Esse sinal fornece
estimulo adicional para a maturacdo células dendritica e a capacidade ativada da

imunogenicidade (OBEID et al., 2007).

A partir desses achados, Lu e coautores (2018) demonstraram uma abordagem

quimio-imunoterapica contra o cancer de mama metastatico. A aplicacdo terapéutica
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envolve a coentrega de Dox e de um bloqueador ponto de verificagdo imune (IDO-1)
associados em lipossomas. Como resultado, foi visto um aumento de linfocitos
infiltrantes no microambiente tumoral e metéstases distantes, correlacionando esse
infiltrado linfocitico com a inducdo de MCI. Nesse mesmo trabalho, além de Dox, o
Pacli tambeém foi apresentado como um quimioterapico citotoxico convencional pode

funcionar como forte indutor de MCI (LU et al., 2018).

1.1.  Efeitos adversos tipicos dos quimioterapicos (Dox e Pacli)

A quimioterapia antineoplésica tem sido uma das principais modalidades de
tratamento no controle e cura do cancer em geral (MUSS, 2014). O sucesso da
quimioterapia para muitas neoplasias se deve a utilizacdo de farmacos, em que as
celulas estdo em processo de divisdo ativa, esses farmacos interferindo principalmente
na inibicdo da proliferacdo celular, consequentemente levando a morte destas células

proliferativas (SWANSON; LIN, 1994; BISHOP; WEINBERG, 1996; MUSS, 2014).

A terapia com quimioterapicos é realizada por dosagens pela via sistémica, durante
ciclos estabelecidos através dos aspectos farmacoldgicos e cinéticos de cada farmaco
(GALLUZZI et al., 2015). Entretanto, é observado que a utilizagdo desses farmacos
pode acarretar em toxicidade sisttmica elevada devido a biodistribuicdo destas
moléculas para tecidos ndo alvo (MUSS, 2014). Na maioria das vezes provoca uma
série de consequéncias fisicas, emocionais e sociais, sendo essas mudangas requerem
atencdo. Falando em efeitos adversos os principais associados aos quimioterdpicos
como: vOmito, nauseas, perda de apetite, cansaco, toxicidade em outros tecidos
(BATIST et al., 2006; BINES et al., 2014). Além de, efeitos sistémicos lesdes as células

precursoras hematopoiéticas e células epiteliais da mucosa gastrointestinal, devido a
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caracteristica proliferativa destes tecidos (LONGO et al., 2016; DOS SANTOS

CAMARA et al., 2017).

Por exemplo, a doxorrubicina (Dox), € um farmaco pertencente a familia das
antraciclinas, utilizada nos tratamentos oncolégicos desde a década de 1960, sendo
gerador de radicais livres (SINHA et al., 1987) e estresse oxidativo (SINGAL;
ILISKOVIC, 1998). Ademais, a Dox tem a capacidade de se associar com a enzima
DNA topoisomerase, comprometendo o seu funcionamento normal, levando a morte das
celulas alvo (PORUMB; PETRESCU, 1986; LEHMANN et al., 2003). Apesar de ser
efetiva no tratamento e controle de alguns tipos tumorais, este farmaco causa efeitos
dréasticos nas células do miocardio do paciente (BATIST et al., 2006) podendo gerar

também toxicidades na medula 6ssea e no figado (WU et al., 2016).

Outro exemplo, o farmaco paclitaxel (Pacli) é usado protocolos terapéuticos como
farmaco de segunda linha para o tratamento do cancer de mama, sendo este um forte
inibidor mitotico, impedindo a reorganizacdo normal da rede de microtubulos das
células (HORWITZ, 1994). Porém, pode causar efeitos toxicos como: neuropatia
periférica (grande limitador da dose desse farmaco) (PACE et al., 1997),

mielossupressao e neuropenia (PACE et al., 1997; KAELIN, 2005).

Ambos os farmacos, Pacli e Dox, levam a preocupacgdes quanto a sua utilizacéo,
devido a elevadas toxicidades sistémica. Além disso, cada vez mais mulheres
apresentam cancer de mama metastatico refratario relacionado ao tratamento com esses
farmacos (DEAN-COLOMB,; ESTEVA, 2008). Ou seja, sdo relatados tipos de
resisténcias tumorais ao uso destes compostos. O uso personalizado de agentes
citotoxicos especificos para a quimioterapia do cancer de mama metastatico continua

sendo um desafio clinico, a decisdo de administrar antraciclinas (como a Dox) e taxanos
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(como o Pacli) nesses locais é atualmente baseada em caracteristicas bioldgicas e

clinicas associadas aos riscos de recorréncia (BINES et al., 2014).

A quimioterapia com a combina¢do com dois ou mais farmacos é visto na clinica
como uma estratégia para atingir diferentes sitios celulares alvo (VALERO; PEREZ;
DIERAS, 2001). Regimes de tratamento utilizando combinacdo de quimioterapicos
proporciona uma melhora na resposta na morte de células tumorais, dentro da faixa de
toxicidade tolerada pelo paciente para cada farmaco, oferecendo uma ampla gama de
acOes nas diferentes populacdes celulares existentes no tumor (BINES et al., 2014; TAN

etal., 2017).

Além disso, esta estratégia combinatoria, objetiva impedir ou retardar o
desenvolvimento de novas subpopulagfes tumorais e muitas vezes resistentes a estes
compostos. Apesar destas vantagens, um dos riscos desta combinagdo é o aumento do
nivel de toxicidade, pode ser um feito aditivo ou sinérgicos dos farmacos que pode
culminar na interrupcdo do tratamento oncoldgico. Para evitar, ou mesmo minimizar
este risco, nosso grupo de pesquisa tem se dedicado a associar estes farmacos a sistemas
nanocarreadores para otimizar a farmacodinamica dos compostos carreados (TELES;
MORALLES; COMINETTI, 2018; FRANCO et al.,, 2019; FRANCO; ROQUE;

OLIVEIRA, 2019).

1.2.  Abordagem da nanomedicina como instrumento de entrega de farmacos

Novas propriedades adquiridas dos materiais para a nanoescala tornaram o uso de
nanomateriais cada vez mais popular na industria farmacéutica e de satde. A utilizagédo
de nanocarreadores de farmacos na area oncoldgica se justifica para corrigir alguns

obstaculos de ordem farmacoldgica. Entre o0s principais, podemos citar: baixa
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solubilidade de farmacos; meia-vida plasmatica curta; alta toxicidade inespecifica; além
do fato de que alguns farmacos sdo suscetiveis ao ataque enzimatico etc. (JAIN;

STYLIANOPOULOS, 2010; WOLFRAM; FERRARI, 2019).

Dentre os sistemas nanoestruturados utilizados em nanomedicina (Germain et al, 2020),
os lipossomas séo 0s mais comuns nos medicamentos nanotecnoldgicos aprovados para uso
clinico. Os lipossomas tém sido intensamente estudados no ambito industrial e por
pesquisadores desde sua descoberta na década de 1960 (BANGHAM; STANDISH;
WATKINS, 1965).Conceitualmente, os lipossomas séo vesiculas lipidicas que tem na
sua estrutura basica bicamadas compostas por fosfolipidios e um nucleo aquoso que se

formam espontaneamente (DESHPANDE et al., 2018).

Lipossoma € um tipo de nanocarreador que tem a capacidade de incorporar
moléculas com diferentes polaridades e tamanhos, sendo que o destino dessas
moléculas in vivo modulado por estes nanocarreadores (KLIBANOV et al., 1990). O
Doxil® (Janssen Biotech, Inc.- EUA) foi a primeira formulagdo medicamentosa
desenvolvida com lipossomos nanométricos e aprovada para uso em 1995 pelo Food
and Drug Administration (FDA) para tratamento de varios tipos de canceres. A base
desse medicamento é uma formulacdo composta por lipossomos que carreiam a Dox. A
composicdo lipidica € composta por fosfatidilcolina de soja hidrogenada (HSPC),
colesterol (CHOL) e 1,2-distearoil-sn-glicero-3-fosfoetanolamina-N-[poli (etileno
glicol)2000 (DSPE-PEG 2000). Essa formulagdo trouxe ganhos para a clinica médica,
uma vez que aumentou o tempo de meia vida da Dox por apresentar diminui¢cdo na
incidéncia de efeitos adversos, em especial os efeitos cardiotdxicos relacionados a Dox

(ZHAO et al., 2013).
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Outra vantagem dos lipossomos € a capacidade de co-administrar combinacfes de
medicamentos para melhorar a eficacia do tratamento. Outro exemplo, 0 medicamento
Myocet® entra no mercado como uma formulagéo lipossomal que tem como principios
ativos a Dox e ciclofosfamida, sendo indicado para o tratamento de primeira linha do
cancer de mama metastatico, sendo também aplicado no tratamento de patologias
autoimunes, ajudando o sistema imunoldgico no reconhecimento das células tumorais

(MU; SPRANDO, 2010).

O medicamento clinico comercializado como Vyxeos®, carreia uma combinagio de
quimioterapicos, citarabina e daunorrubicina (razdo molar 5:1, respectivamente). Sua
aplicacdo clinica é voltada para o tratamento de leucemia mieloide aguda (LMA) de alto
risco. Sua acdo terapéutica exibe aumento da atividade sinérgica tanto em culturas de
células quanto em estudos com animais. Outro dado importante do Vyxeos esta
relacionado com sobrevida global, sendo relatado um aumento de 9,56 meses em
comparagdo com 5,95 meses em pacientes tratados com uma combinacdo de citarabina

livre e daunorrubicina (tratamento padrdo) (PREMIUM, ; FADERL et al., 2019).

Em termos de experimentacdo pré-clinica, FRANCO e coautores (2019), relatou
estudo utilizando camundongos Balb/c portadores de carcinoma mamario murino (4T1),
DESCREVER O NANOSISTEMA no qual demonstra que a adicdo de pequenas
quantidades do farmaco Pacli combinado com Dox (propor¢do molar 1:10,
respectivamente) € o suficiente para uma resposta na atividade do tratamento,
comparando a forma livre de ambos os farmacos. Além disso, uma resposta interessante
foi a diminuicdo da toxicidade cardiaca em comparagdo ao tratamento com a
combinacéo livre do composto (FRANCO et al., 2019). Essa formulagdo serviu como

base para presente trabalho.


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/myeloid
https://www.sciencedirect.com/topics/engineering/leukaemia
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/overall-survival
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Seguindo essa estratégia, consideramos como objetivo central desta Tese, a
investigacdo da combinacdo de Pacli e Dox lipossomal para tratar cancer de mama
metastatico em modelo de camundongos (Balb/c), com o objetivo de avaliar capacidade
de ativacdo da MCI por estes farmacos. Nesse sentido, a ideia é reverter parcialmente o
ambiente metastatico tolerogénico, pelo aumento do infiltrado linfocitico nas locais
metéstases pulmonares. Além disso, também observamos a capacidade do carreador
lipossomal em reduzir os efeitos adversos tipicos dos quimioterapicos Pacli e Dox no

manejo de tumores de mama metastaticos.
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2. JUSTIFICATIVA

Os quimioterapicos sdo indiscutivelmente excelentes agentes citotoxicos. Além
disso, uma nova visdo surgiu para esses compostos como indutores de MCI, criando
uma propriedade adicional, alternativa a atividade citotdxica cléssica. Esta acdo da
ativacdo do sistema imunolégico auxilia na reversdo do quadro tolerogénico encontrado
em boa parte dos tumores, em especial nas regides metastaticas (OBEID et al., 2007).
Porém, a toxicidade sistémica, relacionada a estes farmacos, ainda é reconhecida como

um fator preocupante dessa terapia (BERNABEU et al., 2014).

Esforcos para contornar essa problematica da quimioterapia fazem parte dos
objetivos da nanomedicina, que é definida como uma area da ciéncia dedicada ao uso de
nanocarreadores para aplicacbes biomédicas. Atualmente o emprego dessas
nanoestruturas é aplicada para o diagnostico e terapia oncoldgica (WOLFRAM;
FERRARI, 2019). Os primeiros produtos de relevancia no mercado séo as formulagdes
de Doxil® e Myocet€ utilizando a tecnologia de producéo de nanoestruturas lipossomais
para entrega de farmacos em tratamentos oncologicos (BARENHOLZ, 2012; LUO et

al., 2017).

O sucesso da aplicacdo dessas nanoestruturas foi baseado no principio do Efeito de
Permeabilidade e Retengcdo Aprimorada (EPR), onde os nanossistemas se acumulam
passivamente em tecidos tumorais de modelos pré-clinicos (IYER et al., 2006).
Entretanto, pesquisadores viram que essa teoria funcionava bem em estudos pré-clinicos
(animais), porém sua aplicagdo é limitada a alguns tipos tumorais, quando sdo
analisados estudos clinicos em humanos (PRABHAKAR et al., 2013). A partir disso,
pesquisadores buscaram informagdes com intuito de reconhecer quais 0s aspectos ideias

que norteiam a aplicacdo da nanomedicina na oncologia.
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Com base em intensa pesquisa na literatura, pesquisadores entenderam que a
abordagem da nanomedicina como tecnologia na oncologia é vista como: auxilio na
libracdo controlada de compostos ativos, passagem por barreiras bioldgicas, redugdo da
toxicidade inespecifica (WOLFRAM; FERRARI, 2019), além de ativacdo do sistema

imune através da MCI (OBEID et al., 2007).

Assim, desenvolvemos nossa pesquisa abordando a nanomedicina com
desenvolvimento do sistema lipossomal com diferentes tipos de quimioterapicos, Pacli e
Dox, como indutores de MCI no tratamento do cancer de mama metastatico. A MCI foi
avaliada através da correlagdo entre aumento do infiltrado linfocitico com controle da
progressdo da metéstase. Tambem, foi avaliado se o carreamento dos quimioterapicos
utilizando o sistema lipossomal reduz a toxicidade sistémica causada pela administracao

de ambos os farmacos.
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3. OBJETIVOS

3.1. Objetivo geral

Avaliar se a uma forma farmacéutica contem a combinacdo dos quimioterapicos
paclitaxel e doxorrubicina lipossomal é capaz de aumentar o infiltrado linfocitico nas
metastases pulmonares como resposta na a¢do antimetastatica em um modelo de cancer
de mama murino. Além de, avaliar possivel diminuicdo da toxicidade sistémica causa

pelos farmacos.

3.2. Objetivo especifico

= Avaliar a emissdo de DAMP (CRT) associada a MCI pelo tratamento combinado

de Pacli e Dox;

»= Auvaliar a reducdo da toxicidade sistémica e seguranca clinica durante e pds
tratamento utilizando a combinagdo dos farmacos paclitaxel e doxorrubicina

coencapsulados no sistema lipossomal;

= Avaliar a atividade antimetastatica através do infiltrado linfocitico, pela
marcacdo imohistoquimica dos linfoncitos ativados (CD3*) na regido da

metastase pulmonar.
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4. METODOLOGIA

4.1 Delineamento

Pesquisa Experimental !'“@L;%
&M

In vivo
In vitro ( )k \
caracterizagio mcl Biodistribuicdo |ipo na inibigio da  A¢do antimetastatica Investigagao
l Pacli/ Dox Lipo toxidade sistémica Lipo-PacliDox antimetastatica

- tamanho ) 7 :

1? a:f,iu = - rastreamento pela

— ' bioluminescéncia das célul

p vaga S " - microtomografia (CT) pulméo.

Zeta; e 4 '

] ) - sobrevida;
microscopia: MET 4

membrana das

cel 4T1L

Figura 1. Esquema delineamento experimental da tese.

4.2. Obtencdo e manutencdo da linhagem celular de adenocarcinoma mamario

murino —4T1

Para o desenvolvimento do modelo tumoral in vivo, foi utilizado a linhagem celular
de adenocarcinoma mamario murino 4T1 (ATCC — CRL-2539™), estas foram
modificadas segundo trabalho de CAMARA e colaboradores (2017), onde a transducao
de luciferase (L) foi necessaria para expressar bioluminescéncia na presenca da
luciferina no rastreamento in vivo. A modificagdo foi feita de acordo com o protocolo

do fabricante com lentivirus da luciferase Lentifect™ (GeneCopoeia, MD, EUA).

A linhagem celular 4T1L foi preservada em criotubo contendo meio de

congelamento (5% de DMSO e 95% de soro fetal bovino - SFB), sendo devidamente
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identificada e armazenada nitrogénio liquido. Aliquotas dessas suspensfes celulares
contendo 1 x 10° células por mL foram retiradas do tanque de nitrogénio liquido e
descongeladas a 37° C. Estas células foram entdo cultivadas em meio de cultivo celular
Dulbecco’s Modified Eagle’s (DMEM), contendo 10 % e 1 % (v:v) de SFB e solucédo
de antibidtico (100 unidades/mL de penicilina e 100 mg/mL de estreptomicina),
respectivamente, sendo mantidas em estufas a 37° C e 5 % de CO; até atingirem
confluéncia de 75%, para serem utilizadas no procedimento do enxerto tumoral nos
animais. Todos os reagentes para manutencdo do cultivo celular foram adquiridos

Gibco® Life Technologies (Carlsbad, EUA).

4.3. Confirmacao de morte celular imunogénica (MCI) in vitro através da deteccéo da

calreticulina (CRT)

A realizagdo deste teste foi baseada no trabalho de LU e coautores (2018). Foi
utilizado no total 5x10° de células/ poco de 4T1L em meio suplementado DMEM em
uma placa de 24 pogos. O meio de cultura foi reabastecido com os tratamentos Dox (5
uM), Pacli 5 uM e a combinacéo Pacli + Dox (5/ 5 uM, respectivamente) por 24 horas,
apos a exposicdo das células 4T1L aos tratamentos foi realizado uma lavagem das
células com PBS e adicionado alcool 70% (0,5 mL) por 30 minutos. Foram utilizadas
também células permeabilizadas com TritonX-100 0,1% por 15 minutos, um detergente
quimico que penetra nas células, a fim de avaliar a marcacédo interna da CRT. Apds esse
periodo as células foram fixadas e realizada a marcacdo imuno-histoquimica com
anticorpo primario anti-CRT (ab2907, 1/75, Abcam, Cambridge, UK) incubado por 1
hora a 37°C, apds esse periodo lavadas novamente e incubadas com anticorpo

secundario anti-lgG 488 (ab150077, 1/20, Abcam, Abcam, Cambridge, UK) por 30
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minutos em temperatura ambiente. Toda essa etapa foi realizada ao abrigo da luz, sendo

que, apés esse periodo foi realizada a lavagem com PBS (2X).

A translocacdo da CRT para a superficie celular foi visualizada no microscopio de
fluorescéncia EVOS® FLoid® (CA, USA) utilizando a objetiva (lente 40x). O nicleo das
células também foi marcado utilizando o corante DAPI (Sigma-Aldrich, MO, USA)
antes da visualiza¢do sob microscépio de fluorescéncia para melhor demarcacdo celular.
As imagens foram tratadas utilizando os programas Photoshop CC2015 (Copyright®
2020, Adobe) e programa Imagel-Java (National Institutes of Health, NIH —
desenvolvido pelo grupo de pesquisa Research Services Branch-RSB). Os dados foram
representados em graficos utilizando o GraphPad Prism versdao 7.00-Windows

(GraphPad Software, La Jolla California, USA).

4.4. Obtencéo e caracterizacdo do nanocarreador lipossomal

O sistema lipossomal foi idealizado e desenvolvido pelo grupo de pesquisa da Dra.
Ménica de Oliveira do Departamento de Farméacia da Universidade Federal de Minas
Gerais — UFMG. Para producdo do sistema lipossomal fusogénico de circulagdo
prolongada (Lipo) foram utilizados os lipidios sintéticos: dioleilfosfatidiletanolamina
(DOPE), colesterol hemisuccinato de colesterilo (CHEMS) e 1,2-distearoil-sn-glicero-3-
fosfoetanolamina-N-[poli (etileno glicol)2000 (DSPE200-PEG), sendo a concentracéo
lipidica total de 10 mmol L. Durante o preparo sdo adicionados os farmacos Pacli e
Dox molar 1:10, respectivamente. Toda forma de preparo e caracterizagdo da suspensao
coloidal dos lipossomas estdo disponiveis nos trabalhos publicados pelo grupo de
colaboragdo (FRANCO; ROQUE; OLIVEIRA, 2019; ROQUE et al., 2019) As amostras

recebidas foram mantidas resfriadas (8°C geladeira) para futuras avaliagbes das


http://rsb.info.nih.gov/

32

propriedades nanoscopicas e confirmacdo das caracteristicas da suspensdo coloidal de

lipossomas.

O didmetro das vesiculas lipidicas e indice de polidispersidade (Pl) foram
determinadas pelo método espalhamento dindmico da luz — EDL, utilizando
equipamento Nanosizer ZS 90° (Malvern Instruments Ltd., Worcestershire, UK) com
angulo de 90 graus em cubetas de poliestireno. Para a avaliacdo, amostras foram
diluidas 10 vezes, 100 pL formulacdo lipossomal para 900 pL tampdo solugdo
tamponada HEPES (HBS). Os dados obtidos representam a média de trés leituras de
cada amostra, frequéncia da dispersdo por intensidade de luz espalhada. O potencial
Zeta (C) das vesiculas também foi determinada pela técnica DLS associada a mobilidade

eletroforética.

As caracteristicas morfoldgicas do nanocarreador lipossdbmico foram avaliadas pelas
imagens de microscopia eletrénica de transmissdo (MET), obtidas através do aparelho
JEM 1200EX Il (Jeol, Tokyo, Japan), utilizando coloracdo negativa com &cido
fosfotlngstico como agente de contraste. Esse teste foi realizando em colaboragcdo com
no Center for Cooperative Research in Biomaterials- CIC biomaGUNE - Soft Matter

Nanotechnology Lab, Espanha-ES.

4.5. Experimentagé@o com animal

Camundongos fémeas Balb / ¢ entre 6-8 semanas de vida, e aproximadamente, 24 +
1,6 g, foram adquiridos do Centro de Bioterismo da Universidade Catdlica de Brasilia —
CBUCB. Os animais foram alojados em gaiolas de plastico, ambiente controlado com
ciclo diario de 12 h de luz e 12 h de escuro e ventilacdo, livre acesso a agua e

alimentacdo.  Todos os procedimentos com os animais foram realizados em
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conformidade com o comité de Etica de Pesquisa em Animais do Instituto de Ciéncias
Bioldgicas da Universidade de Brasilia protocolo: UnB.DOC N° 66721/2016 (ANEXO

1).
4.6. Modelo pré-clinico do cancer de mama metastatico
A realizacdo desta etapa foi baseada no protocolo do trabalho de SOUSA (2015) e

todos os testes realizados estdo representados na figura 2.

adenocarcinoma mamario

meio DMEM + SFB 10% + murino (4T1-luc)

antibiético 1%

37°C e 5% CO; |
o o
;R —— _
Ry 21° dia apés p » _c_am'imdo‘:xgos fémas Balb / C
: S o Y 5° glandula mamaria esquerda
}\ N ETXEL0; QFLOIIPICO. 100 uL suspensdo de células
i 4T1-luc (1x 10%)

microambiente
tumoral de cancer de
mama 4T7-luc

Figura 2 Esquema de desenvolvimento do estudo in vivo utilizando camundongos fémeas da
linhagem Balb/ c. As células foram mantidas em condi¢fes padrdo até atingirem o0 crescimento
confluéncia de 80%. (3) enxerto ortotépico com as células 4T1L viaveis na quinta glandula mamaria
direita no volume de 50pL (1x10°) de células por animal com PBS. (4) ap6s 21 dias do enxerto tumoral,
guando se observava macroscopicamente o tumor primario e disseminagdo da metastase foi iniciada

experimentacéo.

4.7. Biodistribuicdo do nanocarreador lipossomal pela técnica de imageamento in

Vivo
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Para a avaliacdo da biodistribuicdo in vivo do nanocarreador Lipo foi marcado com
molécula fluorescente de cianina, sendo nome comercial xenolight DiR18 (7) 1,1"-
lodeto de dioctadecil-tetrametil indotricarbocianina. (MM: 1013,4 g) bocianina lodeto.
Para a marcacdo foi preparada uma diluigéo do corante DiR em etanol absoluto (solucdo
de trabalho — ST), em seguida, 1% da ST acrescentada a solucdo de lipidios totais
(10,08 mM) e 20 minutos sob agitagdo. O sistema marcado Lipo-DiR foi entdo

armazenado sob refrigeracdo (4°C) até o procedimento experimental na figura 3.

Os animais foram submetidos a anestesia com isofurano 2% disperso em CO». O
sistema Lipo-DiR foi injetado via intravenosa com volume final de 100 pL no grupo e
como controle uma solugdo da mesma proporcdo do marcador DiR livre (1%) foi
utilizada para comparar a biodistribuicdo da nanoformulacdo Lipo-DiR. Apds a
administracdo das solugdes, os animais foram monitorados para o rastreamento do sinal
da fluorescéncia da molécula DiR nos seguintes tempos: 0.3, 2, 4, 8, 24, 48, 72, 96, 144

e 288 horas.

As imagens foram adquiridas usando um comprimento de onda de excitagdo e
emissdo de 720 /780 nm, respectivamente. Foram utilizados 0s seguintes ajustes: tempo
de exposicao (1 s), aberturas (f/stop) 8 e binning médio 8, campo de visdo (25 x 25 cm).
Os dados quantitativos por eficiéncia da radiancia totais (fotons/sec/cm?/Sr), sendo que
foram escolhidas as respectivas regides de interesse (ROI): regido tumor primario,
regido térax (pulmonar e coragdo), regido das patas, regido abdémen (figado e trato
géastrico) e regido da cabeca. A autofluorescéncia e sinais de fundo indesejados foram
eliminados por andlise espectral e unmixing, usando os camundongos antes da aplicacéo

da molécula DiR como controle do plano de fundo. Por fim, as imagens foram
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processadas no software Living Image®, versdo 4.5.2 (Caliper Life Sciences,

Massachusetts, EUA).

solugao de lipidios totais XenoLight DiR
a 10.08 mM + 1% DiR (DiIC18(7) or 1,1-dioctadecyitetramethy!
indotricarbocyanine lodide) software Living Image®,
sinal da fluorescéncia damolécula DiR nos seguintes
tempos: 0.3, 2.4, 8,24, 48,72, 96, 144 e 288 horas

L 7o)

R — ©) @
vt O 5 B
Sistema lipossomal — LCFL

100 RPM - 20 min %
multilamelar

30°C

Imagem in vivo
\ sobreposta de raio x e FLU /

€ - -

e solugdo de LCFL-DIR NIR
Fe

°.4 [ / EX 720eEM 790 nm
Y </ .
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via caudal

Foram utilizados os seguintes
B ajustes: tempo de exposigdo
(1 s). aberturas (fistop) 8 e
binning médio 8. campo de visdo
(25 x 25 cm).

IVIS Spectrum CT ™

Figura 3 In vivo imageamento camundongos Balb / C. O procedimento inicial se dar pela solu¢do de
lipidios totais 10,08 mM e o acréscimo 1% da solugdo do marcador fluorescente DiR e incubado por 20
minutos sob agitacdo. Foram injetados via intravenosa 100 pL do sistema Lipo-DiR (n=4) e como
controle uma solugdo da mesma propor¢do do marcador DiR livre (n=4). O sistema de imagem por
fluorescéncia ndo invasiva IVIS Spectrum CT™ foi utilizado para acompanhar a progressdo tumoral e
metastatica dos camundongos portadores cancer de mama metastatico (4T1L). As imagens foram
adquiridas usando filtro de excitagdo (720 nm) e emissdo (780 nm). Autofluorescéncia e sinais de fundo
indesejados foram eliminados por analise espectral e sem mistura, usando um camundongo controle sem

tumor como pano de fundo.

4.8. Tratamento utilizando a quimioterapia com a combinagdo dos farmacos Pacli e

Dox lipossomal contra cancer de mama metastatico

Para o tratamento foi escolhida a via de administracdo endovenosa utilizando
seringa de insulina (1 mL), o volume total administrado para todas os tratamentos

(Lipo-PacliDox e Pacli/ Dox) as formulagdes foi de 100 pL, sendo realizados 4 ciclos
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com intervalo de trés dias (72 horas) entre os ciclos. Ap6s 21° dia do enxerto com as
células tumorais foi iniciado o tratamento in vivo com os diferentes grupos
experimentais. A avaliacdo dos animais no periodo do tratamento no intervalo entre 0s

ciclos e durante o periodo pds-tratamento foi avaliado semanalmente.

4.9. Avaliagdo antitumoral

A eficacia antitumoral foi avaliada pelo crescimento do volume tumoral (VT) com
um paquimetro digital (200MM Pd 200 Vonder®). A medicio foi realizada a cada trés
dias durante o tratamento (umas semana e dois dias) e semanalmente no periodo pds-
tratamento (duas semanas). A equagdo utilizada: VT= 4z /3 (D + d2 / 2)3, onde D
(maior didmetro do tumor) e d2 (menor profundidade do tumor) de acordo com trabalho

de GANASSIN e colaboradores (2018).

4.10. Avaliacao antitumoral e antimetastatica pela técnica de imageamento in vivo

Foi utilizado a técnica de imageamento in vivo para rastreamento da
bioluminescéncia das células transformadas 4T1L. As imagens ndo invasivas foram
adquiridas ap6s a administracdo via intraperitoneal de 100 pL de D-luciferina (sigma)
na concentracdo de 150 mg/kg, mantendo os animais anestesiados com 2% isoflurano
sob oxigénio e colocados na cdmara de imagem. Para imagens 2D da bioluminescéncia
feito o ajuste do filtro de emissdo (modo open) para maximizar a sensibilidade e

melhorar o limite de deteccao.

Para imagem anatdbmica de referéncia, foi utilizado o raio x, permitindo a
localizacdo do sinal dptico. As imagens foram coletadas com 60 segundos de exposicéo,
por um periodo de 20 minutos para detectarmos células 4T1L. O maior valor desta

curva de emissdo de bioluminescéncia foi escolhido, dados foram utilizados para
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processar as imagens o programa Living Image 3.0 (Caliper Life Sciences, Alameda,

CA).

4.11. Avaliacdo do volume alveolar por microtomografia computadorizada — CT

No periodo pos tratamento foi realizada avaliacdo da radiopacidade da regido
pulmonar pela CT. Os animais foram anestesiados com isoflurano (2,5%) e
posicionados no aparelho Albira Si (Bruker, Billerica, EUA) para captura das imagens.
Os parametros utilizados foram: resolucdo dose baixa (200 pA), voltagem baixa (35

HA) CT quality (standard).

As imagens obtidas foram analisadas utilizando o software PMOD 3.307 (PMOD
Technologies LLC, Albira software Suite) e tratadas de acordo com a andlise
desejada. O perfil de radiopacidade pulmonar foi avaliado através da delimitacdo da
regido pulmonar em todos os planos da imagem utilizando a face interna da
caixa toracica como referéncia, selecionamos a faixa da unidade Hounsfield (HU),
sendo faixa de -1000 / O areas saudaveis e a faixa de 1 / 500 possiveis alteracdes no

tecido pulmonar. Os dados gerados foram do volume pulmonar em area alveolar / mm?,

4.12. Avaliacao da seguranca e toxicidade sistémica secundaria

Foram realizadas avaliagfes ao longo do periodo experimental a verificacdo do peso
corporeo (balanca semi-analitica, OHAUS®220), taxa de sobrevida e aspectos clinicos
(pelagem dos animais, presenca de reflexos e movimentacdo). No 51° que marca o final
do periodo experimental antes da eutanasia foi coletado o sangue dos animais para teste
de hemotoxicidade. Os animais foram mantidos sob anestesia e retido aproximadamente
200 pL de sangue total, transferidos para um tubo com anticoagulante EDTA

(Minicollect®), centrifugado (2500 x g) por 10 min sob temperatura 4°C. Através do
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equipamento hematimetro (Sysmex, Co., Kobe, Japan) foi realizado a contagem de
células totais de leucdcitos (brancas), hematdcrito (porcentagem de células vermelhas
no sangue) e plaquetas. Os resultados foram expressos em média aritmética + erro

padréo.

Ap06s o fim do estudo (51° dia) os animais foram eutanasiados por superdosagem de
propofol (60mg/kg) e os érgdos (pulméo, figado e baco) foram excisados para uma
avaliacdo macroscopica e quanto ao peso dos 6rgaos. O pulmao e figado foram fixados
em formalina a 10%, embebidos em parafina e cortados em sec¢des seriadas de 4 pm,
montadas em ldminas de vidro. Realizamos a coloragdo com os corantes hematoxilina -
eosina (H&E) para visualizagdo das células com possiveis alteracdes nos tecidos. As
laminas de tecido de interesse foram digitalizadas com um scanner de laminas
microscopio EVOS® FLoid® e analisadas com o ImageJ-Java (National Institutes of

Health, NIH — desenvolvido pelo grupo de pesquisa Research Services Branch-RSB).

4.13. Imunohistoguimica para identificacdo de células CD3*

Para visualizar ativagdo da resposta imune no infiltrado linfocitario no tecido
metastatico foi realizada uma analise imunohistoquimica do corte histoldgico de pulméo
com anticorpo células CD3" na membrana do LT liga ao TCR (receptor de células T)
que liga ao antigeno associado a MHC da APC (leva a ativacdo dos linfocitos T). Os
pulmdes foram fixados em formalina a 10%, embebidos em parafina e cortados em
secdes de 4 um, que foram montadas em laminas de vidro. A realiza¢do dessa etapa foi
conduzida pelo Laboratorio de Patologia e Prevencdo de Céncer LTDA — Lamina,
conduzindo a marcacdo das laminas de acordo com protocolo da empresa, anticorpo

para marcagdo dos linfocitos T ativados (colocar como no artigo), ap6s marcacgdo as
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laminas foram avaliadas pelo patologista da empresa. Para a aquisi¢cdo das imagens, foi

utilizado um microscopio EVOS® FLoid®, capturando imagens na lente 40x.
4.14. Hematopoiese extramedular no figado

Para avaliacdo do infiltrado hematopoiético no figado, esses foram fixados no
mesmo protocolo descrito acima no subitem 4.12. Realizamos a coloragdo com 0s
corantes hematoxilina-eosina para visualizacdo das células linhagem mieloide. Para
aquisicdo das imagens foi empregado utilizagdo do microscopio EVOS® FLo0id®,

captura das imagens na objetiva de 40x vezes.
4.15. Método estatistico

Foram testadas para distribuicdo normal com o teste de Shapiro-Wilk. Para
resultados significativos o teste estatistico teste t e ANOVA usados para realizar as
comparagdes entre os grupos de tratamentos. Foi considerado o valor de confiabilidade
de 95%, sendo o p<0,05 estatisticamente significativo. A representacdo grafica dos

resultados foi realizada usando o software GraphPad verséo 7.0.
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Aim: To investigate the effect of liposomes containing the classical cytotoxic drugs paclitaxel and doxorubicin (Lipo-
Pacli/Dox), against a metastatic breast cancer model. We also investigated if Lipo-Pacli/Dox was capable of
reverting the tolerogenic environment of metastatic lesions. Materials & methods: Immunogenic cell death
induction by the Pacli/Dox combination was assessed in vitro. Antitumor activity and in vivo safety of Lipo-Pacli/Dox
were evaluated using a 4T1 breast cancer mouse model Results: LipoPacli/Dox, with a size of 189 nm and zeta
potential of -5.01 mV, promoted immune system activation and partially controlled the progression of pulmonary
metastasis. Conclusion: Lipo-Pacli/Dox was useful to control both primary tumor and lung metastasis in breast
cancer (4T1) mice model. Additionally, LipoPacli/Dox acts as an immunological modulator for this metastatic breast
cancer model.
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One of the most important events during tumorigenesis is the development of the capacity of the
malignant cells to evade the immune system. Hanahan and Weinberg defined this ability as a hallmark
of cancer in 2011 [1]. Since then, several papers have described the different immunological
mechanisms underlying tumor evasion of the immune system [2,3]. Among the most common tumor
strategies used to suppress the immune system are a reduction in antigen presentation and a reduction
in tumor infiltrating lymphocytes (TILs) [4]. These conditions create a tolerogenic tumor environment,

which reduces the immunological opponents that could stop tumor progression.

Researchers have invested intense efforts in understanding this condition and reversing this suppressive
environment, with an aim to improve cancer therapy. Obeid et al. [5] affirmed that different types of
chemotherapeutic drugs, including doxorubicin (Dox), can induce a specific subtype of apoptosis, called
immunogenic cell death (ICD), which can trigger an immune response against tumor cells. The authors
found a strong correlation between the presence of calreticulin (CRT), a membrane protein translocated
from stressed endoplasmic reticulum, and tumor growth impairment after malignant cell
transplantation to mice models. It is particularly interesting to note that this protein is constitutively
present in normal endoplasmic reticulum, being translocated to the cell membrane only during ICD. The
presence of calreticulin on the plasma membrane of cells acts as an ‘eat-me’ signal to immune cells. It

thus can change the tumor profile from tolerogenic to immunogenic [6].

Based on these findings, some cytotoxic compounds can be used not only for their cytotoxic profiles but
also for their ICD-inducing ability. As an example, Dox is a classical cytotoxic drug for breast cancer, and
recently some authors have shown the ability of this drug to increase the availability (number) of TILs in
tumors or metastatic tissues [7,8]. Furthermore, these authors showed that this lymphocyte infiltration
is strongly correlated with ICD induction. Indeed, patients diagnosed with breast tumor survive longer

when they have large amounts of TILs in tumors or metastatic tissues [4].

Using the idea of triggering ICD through Dox, Lu and co-authors [9] developed a liposomal nanocarrier to
deliver Dox and indoximod, which inhibits the IDO-1 pathway, intravenously to the tumor and
metastatic tissues, as ICD inducers. The treatment resulted in ICD induction and positive immunological

modulation, decreasing tumor proliferation and gaining control of metastasis proliferation. Additionally,
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the authors showed that besides Dox, paclitaxel (Pacli), another conventional cytotoxic

chemotherapeutical drug, also works as an ICD inducer.

Following this strategy, our research group has developed nano-carriers for the co-encapsulation of
different chemotherapeutical drugs, especially Pacli and Dox [10,11]. In this article, a nano-sized
liposome carrying Pacli and Dox (Lipo-Pacli/Dox) has been used to treat a strongly tolerogenic and
metastatic breast cancer in an orthotopic 4T1-breast cancer mice model [10,11]. We used two ICD
inducers, Dox and Pacli, in the same liposome nano-carrier to boost the control of metastasis as well as
of primary tumor growth. Our aim here is to investigate, if Lipo-Pacli/Dox is capable of partially reversing

the tolerogenic environment of a highly metastatic 4T1-breast cancer mouse model.

One important novelty of this article was to use two classical cytotoxic drugs, Pacli and Dox, as ICD
inducers. To our knowledge, this approach has not been used in the literature and aims to use these
drugs not only as cytotoxic agents but as inducers of an immunological response that could improve the
overall response against tumor progression. This approach aims to modify the cytotoxic approach to an
innovative, immunogenic approach, which could be significantly more effective in eliminating the

primary tumors and occasional metastatic foci.

Materials & methods

Obtaining & maintaining 4T1L cell cultures

Immortalized 4T1 cells from a murine mammary adenocarcinoma (ATCC — CRL-2539™) were modified to
express firefly luciferase (L) as described by dos Santos Camara et al. [12]. The 4T1 cell line expressing L
(4T1L) was cultured in DMEM containing 10 and 1% (v: v) fetal bovine serum (FBS; Life Technologies, CA,
USA™) and antibiotic solution (100 unit’s /ml penicillin and 100 mg/ml streptomycin), respectively. Cells

were maintained at 37°C and 5% CO2 and trypsinized with 0.125% trypsin.

In vitro ICD induction

The experimental procedure for ICD induction was based on that of Lu et al. [9]. 4T1L cells were treated
for 24 h, with free Dox (5 uM), free Pacli (5 uM), combined Pacli/Dox (5/5 uM), used as ICD inducers.

Docetaxel (DTX) (5 uM), used as inducer drug control.
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Two experimental controls were used for this in vitro experiment. For the first control, cells were
stressed with hydrogen peroxide (9 mM for 30 min), and permeabilized with Triton x100 (0.1%) for 15
min, so that the detection of CRT could be carried out in the endoplasmic reticulum, where this
molecule is expressed in normal situations. Triton x100 (0.1%) was used for 15 min to permeabilize the
cells to anti-CRT antibodies to access internal cell regions. The second control was prepared with 4T1L
cells treated with phosphate-buffered saline (PBS). After treatments, the cells were washed twice with
PBS and fixed with 70% ethanol for 30 min. At the end of the fixation time, cells were exposed to
primary anti-CRT antibodies (ab2907, 1/75; Abcam, Cambridge, UK) for 1 h in an incubator at 37> C. The
respective primary antibodies and the secondary anti-IgG 488 antibody (ab150077, 1/20, Abcam) were
added for 30 min at room temperature. This entire step was performed in the dark. After 30 min, cells
were washed twice with PBS. An EVOSR FLoidR (CA, USA) microscope was used to visualize CTR
translocation to the cell surface, (40 x objective lens). We also stained the cell nucleus with DAPI (Sigma-
Aldrich, MO, USA) before visualization under a fluorescent microscope for better cell demarcation. The
images obtained were treated using Photoshop CC2015 (Adobe) and image processing software Image)
(NIH). Data were represented with GraphPad Prism version 7.00 for Windows (GraphPad Software, CA,

USA).

Liposomal nanocarrier synthesis & physicochemical characterization

The liposomal dispersion used in this study was prepared according to previous publications by our
research group [10,13]. The long-circulating fusogenic liposome transporter (Lipo) [13] is composed of
synthetic lipids: 1,2-dioleyl-sn-glycero-3-phosphoethanolamine (DOPE), 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N(amino[polyethyleneglycol])-2000 (DSPE-PEG2000) and cholesteryl
hemisuccinate (CHEMS) at 5.7:3.8:0.5 molar ratio, respectively and total lipid concentration of 10
mmol/l. These lipids were supplied by Lipoid GmbH (Ludwigshafen, Germany). The liposome was
designed to co-encapsulate the Pacli and Dox drugs at the 1:10 molar ratio, respectively. Samples were

transported under refrigeration and kept refrigerated (8°C) in the laboratory.

Average size, polydispersity index and zeta potential of liposomes were characterized by dynamic light

scattering and electrophoretic measurements, using a Nanosizer ZS 90 (Malvern Instruments Ltd,



45

Worcestershire, UK). For these measurements samples were diluted tenfold in HEPES-buffered solution.
The data obtained represent the average of three readings from each sample. Data are represented by
frequency of scattering by scattered light intensity. The morphological characteristics of the liposomal
nanocarrier were evaluated from transmission electron microscopy images obtained with a JEM 1200EX
Il (Jeol, Tokyo, Japan) apparatus using phosphotungstic acid negative staining as a contrast agent. A
minimum of 100 liposome images were measured using Imagel software. The measurements values
were plotted in a XY graph and the gaussian distribution was calculated. The peak of this gaussian

distribution was considered the median size value for the liposomes.

Orthotopic metastatic breast cancer preclinical model

For tumor-bearing mice preparation, female Balb/c mice (aged 6—-8 weeks) were obtained from the
Reproductive Center at Brasilia Catholic University. Animals were housed in plastic cages, in a controlled
environment with a daily cycle of 12 h light and 12 h dark and ventilation, and free access to water and
food. A total of 48 experimental mice were used in the present study. All animal procedures were

approved by the Animal Ethics Committee of the University of Brasilia (UnB. DOC N° 66721/2016).

To perform the tumor cell transplant, an insulin syringe (0.3cc short needle, 8 mm long and 0.30 mm
caliber) was used to apply 50 pl containing 4T1L (1 x 105) cells suspended in DMEM culture medium to
the mouse’s fifth mammary gland right papilla. The entire procedure was based on the protocol of

Sousa et al. [14]. Twenty-one days after the tumor graft, we started the treatment protocol.

In vivo assessment of the liposome localization in tumor tissues

The biodistribution of the liposomal nanocarrier was studied using in vivo imaging fluorescence
techniques. Liposomes were stained with a near-infrared fluorescent probe, Xenolight DiR - DilC18 (7)
or 1,1dioctadecyltetramethyl indotricarbocyanine iodide, and detected in an in vivo imaging system IVIS
LuminaR XR Series Il (Caliper Life Sciences, MA, USA). For liposome staining, a DiR solution was
prepared in absolute ethanol 10 mg/ml (working solution), and then 1% of this solution was mixed with
the liposome formulation (10.08 mM lipid concentration). The Lipo-DiR system was injected
intravenously via tail vein (final volume 100 pl) in 4T1L tumor-bearing mice (n = 4). As a control (n=4), a

free marker solution DiR was used, with 1% of the working solution in 100 pl of PBS and injected in 4T1L
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tumor-bearing mice. Following the administration of samples, mice were anesthetized with isoflurane
(2.5%), and the fluorescence signal in the animal was detected (excitation 720 nm; emission 790 nm).
Fluorescence images were captured at the following times post injection: 0.3, 2, 4, 8, 24, 48, 72, 96, 144
and 288 h (Supplementary Figure 1). Animals were anesthetized for each image capture. The following
equipment adjustments were used: exposure time (1 s), apertures (f/stop) 8 and average binning 8, a
field of view (25 x 25 cm). Quantitative data by total radiance efficiency (photons/s/cm2/Sr) and the
respective regions of interest were chosen: primary tumor region, thorax region (lung and heart), paws
region, abdomen region (liver and gastric tract) and head region. Spectral analysis and unmixing
techniques were performed to avoid autofluorescence and unwanted background signal detection
(Supplementary Figure 2). Finally, images were processed using Living ImageR software, version 4.5.2

(Caliper Life Sciences).

in vivo experimental design
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Figure 1.In vivo experiments design and experimental data end points. CT: Computed tomography.

Tumor-bearing mice chemotherapy treatments

On the 21st day after 4T1L tumor cell inoculation, we began the in vivo treatment. The treatment was
administered in four cycles, every 3 days. A schematic view of this therapeutic protocol is presented in
Figure 1. Samples were administered intravenously, and the volume administered was 100 pl via the tail

vein. The groups of animals were: treated with Lipo-Pacli/Dox (n = 5) and treated with free Pacli/Dox (n
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= 5) at the concentrations of 0.57 and 3.64 mg/kg of Pacli and Dox (n = 5), respectively. As a positive
control (n = 5), animals with tumors and without treatment were considered, receiving only PBS (100
pl). Data obtained from healthy animals, without tumor and without treatment, were used for

comparison with other treatments.

Treatment safety evaluation using Lipo-Pacli/Dox

We carried out a general assessment of the health and welfare of the animals, during and after
treatment. If there were any signs of loss of mobility or apathy during the experiments, the animals
would be removed from the study. Using these parameters, no animals were removed from the
experimental protocol. The final experimental design end point was the detection of metastatic lesions
in the tumor-bearing mice without treatment. The metastatic lesions were detected by both

bioluminescence (Figure 6F) and computed microtomography images (Figure 7A).

This involved an assessment of the general appearance and level of activity of the animal, the
interaction with the environment, including the construction of nests and their behavior to companions
in the cage. The practical exam allows observable abnormalities, hydration status and body condition to
be assessed. Throughout the experimental period, we evaluated body weight variation (OHAUS® 220,
Barueri, Brazil), as well as possible signs of obvious pain, such as isolation, self-cleaning of the coat, loss
of coat in the whisker region, redness in the ears. We also monitored animal survival after different
treatments. After the treatment period (23rd day), animals were anesthezied by propofol overdose (60
mg/kg), at which time an aliquot of blood was collected for testing. After that, animals were euthanized
and then the heart, liver, spleen and lungs were excised for future analysis. We carried out the weighing
of these organs and made a photographic record as a way to evaluate possible changes (Supplementary

Figure 3).

Approximately 200 ul of whole blood was taken by heart puncture from the animals under anesthesia,
and this blood was transferred to an EDTA anticoagulant tube (Greiner MinicollectR, Americana, Brazil),
then centrifuged (2500 x g) for 10 min at 4°C. For specific blood cell counts, such as white blood cells,
hematocrit and platelets, we used a hematimeter (Sysmex, Co., Kobe, Japan). For histopathological

analysis, liver and lung were fixed in 10% formalin, embedded in paraffin and cut into 4 um sections,
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mounted on glass slides and stained with hematoxylin-eosin. Slides were digitized with a slide scanner

under an EVOS FLoid microscope and analyzed with image processing software Imagel.

Antitumoral activity evaluation using Lipo-Pacli/Dox

Antitumor efficacy was assessed by tumor volume growth (VT) measured with a digital caliper (200MM
Pd 200 Vonder®). Measurements were performed every 3 days during treatment and on a weekly basis
in the post-treatment period. The values of the largest and smaller tumor diameters (D and d2) were
collected and used to evaluate VT through the following equation: VT = 4m/3 (D + d2/2) 3, according to

Ganassin et al. [15].

Antitumor & pulmonary antimetastatic assessments using bioluminescence

We used the in vivo bioluminescence imaging technique to evaluate tumor and lung metastasis growth.
Images were acquired using IVIS LuminaR XR Series Ill (Caliper Life Sciences) after intraperitoneal
administration of 100 ul D-luciferin (Sigma) at a concentration of 150 mg/kg. After luciferin
administration, animals were kept under isoflurane anesthesia and 20 bioluminescent images were
collected every 20 min. For each bioluminescent analysis (five analysis, as described in Figure 1), mice
were anesthetized and received the same luciferin injection, as described previously. For image
collection, the open emission filter captured photos for 60 s for each image capture. For the anatomical
reference image, an x-ray was used, allowing the location of the optical signal. The highest
bioluminescence measurement in these 20 min was used as the bioluminescent data for each region of
interest (tumor or lung region). All images were processed using the Living Image 3.0 software (Caliper

Life Sciences, CA, USA).

Evaluation lung by microtomography

Measurement of alveolar space is a form of assessment indicating that possible changes may be
occurring in this tissue. This was measured using computed tomography (CT). Mice were kept under
isoflurane anesthesia (2.5%) and placed on the microtomography CT (Bruker, Billerica, EUA) bed to
capture images. The parameters used were CT signal resolution, low dose (200 pA), low voltage (35 pA)
CT quality (standard) and alveolar volume. Images obtained were analyzed using PMOD 3.307 software

(PMOD Technologies LLC, Albira software Suite). The alveolar volume profile was assessed by delimiting
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the pulmonary region in all image planes using the inner face of the rib cage as a reference. We selected
the Hounsfield unit (HU) range, which was -1000/0 healthy area. The generated data were presented in

alveolar volume/mm3.

Immunohistochemistry

For immunohistochemical analysis, tissue sections (10 pm) were processed for antigen retrieval (Sodium
Cirate Buffer 0.21 g/l citric acid, pH 6) for 5 min at 100°C. To block endogenous peroxidases activity,
slides were exposed to 3% (v:v) hydrogen peroxide for 30 min at room temperature. Non-specific
binding sites were blocked using 3% (w:v) dry milk for 30 min at room temperature. The primary anti-
CD3 antibody (Abcam ab135372) was diluted in a solution containing 3% (w:v) albumin bovine
serum/PBS and was incubated with tissue sections for 12 h at 4°C. Subsequently, the sections were
incubated with the biotinylated secondary antibody and avidin-biotin peroxidase complex according to
the manufacturer’s instructions. Diaminobenzidine was used as the chromogen, and tissue sections

were counterstained with Mayer’s hematoxylin [16].

Extramedullary hematopoiesis in the liver

For the evaluation of hematopoietic infiltrates in the liver, these organs were fixed with the same
standard protocol as described above. We used hematoxylin-eosin stains for visualization of myeloid
lineage cells. For the acquisition of the images, an EVOS FLoid microscope was used, capturing images in

the 40x lens.

Statistical analysis

The graphical representation of the results was performed using GraphPad version 7.0 software. To
verify the normal distribution of data we used the Shapiro—Wilk test. For significant results, t-test and
ANOVA were used for comparisons between treatment groups. A statistically significant value of p <

0.05 was considered.

Results
Combined Pacli & Dox induce ICD

The initial question of this study was whether the combination of Pacli and Dox could induce ICD. As

shown in Figure 2A1, calreticulin (CRT, green staining) was detected in the cytoplasm of permeabilized
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and stressed (Triton x100 and hydrogen peroxide treatment) control cells. Furthermore, CRT was not
detected in 4T1L cells not stressed (Figure 2A2), or treated with Doxetaxel (Figure 2A3), which is a weak
ICD inducer. On the other hand, CRT was detected at cell membrane when 4T1L were treated with Dox,
Pacli and Pacli/Dox as presented in Figure 2A4—A6, respectively. Cell nuclei and CRT were detected by

DAPI (blue).
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| Calreticulin|
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Figure 2. Detection of calreticulin in the membrane of 4T1L cells. (A1-6) Confocal microscopy images
showing the appearance of the immunogenic cell death marker, calreticulin (CRT), on the surface of 4T1L
cells exposed to different treatments. (A1) The control 4T1L cell line stressed with hydrogen peroxide
and permeabilized with Triton 100 (0.1%); (A2) second control line of 4T1 cells that were not
permeabilized and not subjected to any treatment; (A3) cells treated with DTX; (A4) cells exposed to Dox;
(A5) cells exposed to Pacli and; (A6) cells exposed to Pacli/Dox. Cell nuclei and CRT were detected by
DAPI (blue) and Alexa Fluor® 647- (green) conjugated anti-CRT antibody staining, respectively. (B)
Graphical quantification of the fluorescence signal (%) in the cells exposed to different experimental
treatments. ***p < 0.001; ****p < 0.0001. Dox: Doxorrubicin; DTX: Docetaxel; Pacli: Paclitaxel.
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In Figure 1B, the fluorescence quantification digital caliper shows that both Dox and Pacli increased CRT
expression, and the increase was more significant when Pacli and Dox were combined. Cells treated with
DTX, a non-ICD drug inducer, had a CRT detection similar to the control cells without treatment.
Furthermore, as a second control, cells treated with hydrogen peroxide (positive CRT induction) and
permeabilized with Triton x100 showed intense CRT fluorescence in the cytoplasm, but no fluorescence

in cell membrane, as detected in ICD.

Characterization of the liposomal nanocarrier for the co-delivery of Pacli & Dox

Details of liposome characterization can be viewed in articles by our research group [10,11]. In Figure
3A, transmission electron microscopy images of the liposomes show that they have an atypical spherical
and multilamellar appearance. The liposome’s hydrodynamic diameter was 236.6 nm, as measured by
dynamic light scattering, while the size measured (peak of the Gaussian distribution) in the electron
microscopy images was 189 nm (Figure 3C). The formulation had a Polydispersity Index of 0.3 and a zeta
potential (pH 6.8) of -5.01 mV. Furthermore, vesicle diameter with or without carried drugs had a similar

size value, measurements showed results with less than 10% of difference.
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figure 3. Liposome nanocarrier encapsulating of paclitaxel and doxorubicin. (A) TEM image showing the
morphology of the lipid vesicles with multilamellar bilayers of the liposomes. Scale bar = 500 nm. (B) Scheme of
liposome composition: DOPE, CHEMS and DSPE2000-PEG total lipid concentration of 10 mmol L-1. (C)
Physicochemical data of the liposome formulation DLS; Pl. The results are expressed as mean + standard
deviation of triplicate readings. CHEMS: cholesteryl hemisuccinate cholesterol; DLS: Dynamic light scattering,
DOPE: dioleylphosphatidylethanolamine; DSPE2000-PEG: 1,2 distearoyl-sn-glycero-3 phosphoethanolamine-N-
(poly [ethylene glycol]) 2000; PI: Polydispersity index; TEM: Transmission electron microscopy.
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Liposomal nanocarrier accumulates in the tumor tissues

Liposome biodistribution was traced by in vivo imaging fluorescence techniques (Supplementary Figure
1). As a control for these imaging experiments, we performed some preliminary tests to verify the
possible interference of auto-fluorescence and light reflection signals (Supplementary Figure 2). With
these experimental controls, we minimized these interferences. A real-time image of tumor
bioluminescence and the liposome fluorescence signals indicates that these two signals were co-
localized (Figure 4A1 and A2). This image shows that the liposomes fluorescent signals are detected in

the same anatomical position that tumor bioluminescent tissues.

In addition to this qualitative evidence, a real-time image of the animals can be seen in Supplementary
Figure 1. The DiR fluorescent signal was assessed in different regions of the animals. In Figure 4B, we
present the fluorescent quantification of mice treated with liposome labeled with DiR or the free DiR
sample. All data from Lipo-Dir had higher fluorescence over time in comparison with DiR free samples.
To facilitate the interpretation of these graphs, we calculated the area under the curve (AUC) from each
curve and produced a ratio between Lipo-DiR/free DiR samples. The AUC ratio is presented in Figure 4C,
and it is noted that the AUC of Lipo-DiR is almost four-times the AUC of free DiR. These data confirm
that the liposome is a useful tool to target tumor tissues. The ratio was significantly higher for tumor,

thorax and abdominal regions, in comparison with paws and head regions.
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Figure 4.Biodistribution by in vivo imaging of the liposomal nanocarrier Lipo. (A1) Co-localization of the
quantification of the 4T1L cell’s bioluminescence; (A2) co-localization of the quantification of the fluorescent liposome (Lipo-DiR).
(A3) A schematic view of DiR infrared fluorescence obtained by IVIS Lumina equipment. Created using www.mindthegraph.com
(B) Lipo-DiR (blue lines) quantification in comparison with free DiR (red lines) in the tumor (B1); thorax (B2); abdomen (B3); head
(B4) and; paws (B5). All regions and times were statistically different between the two groups (p < 0.0001). (C) The AUC ratio
between Lipo-Dir versus DiR of all regions analyzed. Equal letters indicate no statistical difference between these two groups,
while different letters represent the statistical differences (p < 0.05). All data presented as mean + standard deviation. AUC: Area

under the curve.
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Lipo-Pacli/Dox reduces drug toxicity

Mice treated with Lipo-Pacli/Dox presented a behavior pattern similar to the healthy control animals,
including group behavior with no signs of aggression, clean coat and routine behavior within the
standards of healthy animals. Mice treated with free Pacli/Dox demonstrated apathy, with slower
movements and curved posture. There were signs of isolation behavior and alteration in hair, which

took on a dirty appearance.

For bodyweight measurements (Figure 5A), it was observed that during the treatment period the
animals in the free Pacli/Dox treated group underwent significant weight loss. There was a statistical
difference between the group of healthy animals (p < 0.01) on days 6 and 9, as well as a difference with
the group of tumor animals without treatment (p < 0.01) on the 9th day. It was also observed that the
free Pacli/Dox group had an increase in body weight after the treatment period, which may be related
to the development and increase of the primary tumor size. For the treatment group receiving co-
encapsulated Lipo-Pacli/Dox there was a moderate loss of body weight, with no statistical difference in

any of the groups evaluated.
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Figure 5. Co-encapsulated paclitaxel and doxorubicin delivery improve drug safety. (A) Percentage of experimental mice body
weight over the experimental period. Statistical difference: (a*, b*) compared with healthy animals (*p < 0.01) on the 6th and 9th
days, as well as a difference with the (c*) group of tumor animals without treatment (*p < 0.01) on the 9th day. (B1) Leukocyte
count in different treatment groups; (B2) red blood cell in different treatment groups; (B3) platelet count in different treatment
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groups (**p < 0.001 and ****p < 0.0001). (C) Kaplan—Meier analysis of animal survival (*p < 0.05). Pacli/Dox:
Paclitaxel/doxorubicin.

In addition to weight measurements, the blood cells count was also evaluated at the end of the
experiment. As presented in Figure 5B, the total leukocyte count (Figure 5B1) was significantly higher for
the tumor-bearing mice that did not receive treatment and that received Lipo-Pacli/Dox; however, the
latter was reduced in comparison with the tumor without treatment group. For mice treated with free
Pacli/Dox, the total count was similar to the healthy control animals. Regarding red blood cell counts
(Figure 5B2), all experimental groups showed a significant cell count reduction (p < 0.05) in comparison
with healthy animals; however, this reduction was higher (p < 0.001) for animals treated with free
Pacli/Dox. For platelet count Pacli/Dox treatment induced a significant count in comparison with the

Lipo-Pacli/Dox treatment (Figure 5B3).

In addition to the previous toxicity measurements, the survival of mice after the different treatments
was measured. Survival data are represented in a Kaplan—Meier curve (Figure 5C). It was observed that
all animals treated with Lipo-Pacli/Dox (n = 5) survived throughout the experiment (up to the 50th day
after tumor transplant), and although the free Pacli/Dox group (n = 3) showed a significant (p < 0.05)
increase in mice mortality, 60% of the group’s animals were alive. The group without treatment had a
higher number of deaths within the timeframe of the experiment. At the end of experiment, 40% of the

animals in the tumor without treatment group survived.

In addition, the liver, lung and spleen were collected and weighed; the liver and spleen were
photographed to better visualize macroscopic changes (Supplementary Figure 3A). The co-encapsulation
of the chemotherapeutics, Lipo-Pacli/Dox, induced a smaller increase in the weight of all the organs
evaluated, compared with the group with the free Pacli/Dox drugs (statistically different, p < 0.001). The
photographs of the liver and spleen demonstrated an increase in the size of these organs after
treatment with the free Pacli/Dox drugs, indicating hepatomegaly and splenomegaly (Supplementary

Figure 3B). Lipo-Pacli/Dox encapsulation protected these organs from this change.

Effective tumor growth control & metastasis inhibition by Lipo-Pacli/Dox
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For tumor progression studies, tumor growth was measured using two different techniques, volume
measurement with a digital caliper (Figure 6A) and bioluminescent quantification (Figure 6E). In Figure
6A, we observed that animals treated with Lipo-Pacli/Dox had a less accelerated growth profile
compared with the other experimental groups. Significant statistical differences were observed only
after the 23rd day of experimentation. Since one of the main objectives of the article was to evaluate
the effect of treatments on metastatic lesions, it was decided that the experiment would be stopped
after this metastatic detection. The following week of observation (24-25th day) was used to collect the
lung CT images. Similar data from animals treated either with Lipo-Pacli or Lipo-Dox in comparison with
animals treated with the free drugs are presented in Supplementary Figure 4. In these groups, no

statistical difference was observed comparing the free drug with the liposome-carried drug.

Furthermore, at the end of the experiment, we measured the relative mass of the tumors (tumor
weight: animal weight) (Figure 6C). The animals were photographed to evaluate the tumors clinical
aspect. (Supplementary Figure 5). Progressive development of the tumor with an area of necrosis was
observed in the animals in the tumor group without treatment. Indeed, a large area of necrosis at the
center of the tumor can be seen in the free Pacli/Dox group, compared with the treatment group with
co-encapsulated drugs, Lipo-Pacli/Dox, in which the tumor is seen to be smaller in size and without the
appearance of a necrotic area. In Figure 6C it can be observed that the relative weight of the tumor was
significantly lower (12.24 g) for Lipo-Pacli/Dox-treated animals. These data indicate a positive action of

Lipo-Pacli/Dox on the control of 4T1L primary tumor growth.

The data presented in Figure 6E & F, show the mean radiance of 4T1L cell bioluminescence in the tumor
region and metastatic region (thorax) respectively, after different treatments. Throughout the analysis,
none of the groups showed complete eradication of tumor cells. We also observed that
bioluminescence from Lipo-Pacli/Doxtreated mice was reduced in comparison with other experimental

groups; however, these data were not statistically significant.
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Figure 6. Effective tumor growth control and metastasis inhibition. (A) Tumor volume measured with pachymeter (data
represented in cm3). (B) Location of the 5th layer of mammary fat of Balb/c mice, where luciferase-transfected 4T1L cells were
injected to establish the orthotopic preclinical graft model. (C) Average tumor weights after animal euthanasia on day 29 after
treatment. (D) Schematic illustration of treatment evaluation by in vivo imaging techniques. (E&F) Quantification of
bioluminescence intensity at the primary tumor and metastatic regions. *Represent statistical difference (p < 0.05), and
**represents statistical difference (p < 0.01). All data presented as mean + SD. The graph curves (red, black and blue) represent

the normal Gaussian distribution of the data. Pacli/Dox: Paclitaxel/doxorubicin.

In addition to bioluminescence measurements, we performed CT microtomography to measure possible

metastatic lesions in the lungs (images collected between 24 and 25th day). Figure 7A shows the
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qualitative images that represent each experimental group obtained in the microtomography. Following
the color scale, we observed that the reddish color represents the healthy alveolar space, while the
yellowish color indicates dense tissue, which can be signals of fibrosis, inflammation or metastasis.
Animals thoracic microtomography aspects are in the Supplementary Videos A-C. In Figure 7B, we
measured the alveolar volumes, as a way to evaluate healthy tissues. Graphically, healthy animals have
the largest alveolar volumes (0.38 cm3), while animals with untreated tumors have the smallest alveolar
volumes (0.03 cm3), corresponding to less than 10% of the healthy alveolar volume. Comparing the
alveolar volume of the Lipo-Pacli/Dox group (0.34 cm3) with the Pacli/Dox group (0.22 cm3), a statistical
difference was observed (p < 0.05), indicating that the Lipo-Pacli/Dox-treated group had fewer lung
changes in comparison with healthy animals. The free Pacli/Dox group also showed a statistical
difference from healthy groups (p < 0.01). In addition to the histopathological analyses (Figure 7D) that
identified the presence of inflammation, metastatic nodules and fibrosis in all tumor-bearing mice, we
also measured the alveolar wall thickness. In Figure 7C, it can be seen that tumor induction promotes a
significant increase in alveolar wall thickness, and the Lipo-Pacli/Dox was able to partially reduce this
situation. Lung metastasis histological slides, presented in Figure 7D shows the differences
morphological aspects of alveolar volume in the different experimental groups. It is possible to observe
that alveolar spaces are larger in the healthy animal image (Figure 7D1), followed by the images from
the Lipo-Pacli/Dox (Figure 7D3), Pacli/Dox (Figure 7D4) and tumor without treatment image (Figure
7D2).

CD3* T-cell infiltration in pulmonary metastasis ICD correlates with antimetastatic
control

Figure 8A shows the immune-histochemical identification of CD3+ lymphocytes (brown stained cells) in
lung metastatic nodules. It is clear that in metastatic nodules (all groups except healthy animals, TlLs
could be detected (brown stained spots); however, this infiltration was higher for animals treated with
Lipo-Pacli/Dox and free Pacli/Dox in comparison with tumor without treatment group. In order to
compare the experimental groups, TILs were morphometrically measured and plotted in Figure 8B.
There, it can be seen that lymphocyte infiltration is higher in tumor-bearing mice compared with healthy

animals; however, this infiltration is statistically higher for the Lipo-Pacli/Dox treatment.
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Figure 7. Evaluation of pulmonary metastasis. (A) Computed tomography images of the different experimental groups. The top
images represent the 3D lung images, while the bottom images represent a bi-dimensional image from each experimental group.
For the bi-dimensional images the white asterisk represents the heart regions. (B) The alveolar volume of mice under different
treatments. **Represents statistical difference (p < 0.01). All data presented as mean * standard deviation. (C) The frequency of
alveolar thickness. The graph curves (red, black and blue) represent the normal Gaussian distribution of the data. (D) Histological
images of mice lungs subjected to different treatments. (D1) Healthy mice; (D2) tumor-bearing mice without treatment; (D3)
tumor-bearing mice treated Lipo-Pacli/Dox and; (D4) tumor-bearing mice treated with Pacli/Dox. Scale bar = 200 um. Pacli/Dox:
Paclitaxel/doxorubicin.
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Dual encapsulation Lipo-Pacli/Dox treatment reduces hematopoietic infiltrate

Supplementary Figure 6 presents the hematopoietic infiltration identified in liver tissues. This infiltration
is characterized by strong atypical leukocyte-like cells, placed predominantly around blood vessels. In
these hematopoietic infiltrations, it was possible to detect monocytes, granulocytes and isolated
megakaryocytes, which are completely atypical for liver tissues. For the healthy animals, no

hematopoietic infiltration was observed.
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Figure 8. Immunological phenotyping to demonstrate the effect of Lipo-Pacli/Dox treatment on the activation of lymphocytes
in the lung region. Histological sections images from lung metastatis marked with anti-CD3+ specific for activated lymphocytes.
(A) Represents lung sections imagens from helathy mice, tumor bearing mice without treatment, mice treated with Lipo-

Pacli/Dox, and mice treated with Pacli/Dox, respectively. (B) Represents the anti-CD3+ immunohistochemical staining
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quantification of activated lymphocyte. ***Represent statistical difference (p<0.001). All data presented as mean +* standard

deviation. Pacli/Dox: Paclitaxel/doxorubicin.

This hematopoietic infiltration was morphometrically analyzed (Supplementary Figure 6B), and it was
observed that free Pacli/Dox treatment promoted high liver infiltration (p < 0.001), whereas both the
Lipo-Pacli/Dox had a hematopoietic infiltration similar to the healthy liver quantification This indicates
that the drug-treated group in the liposomal system was able to reduce this extra-medullary

hematopoiesis detected in liver tissues.

Discussion

Our key finding in this study is the high number of lung TILs in tumor-bearing mice treated with Lipo-
Pacli/Dox, which is correlated to a significant reduction in lung metastasis. It is interesting to note that
the liposomes containing a single drug, Dox or Pacli, did not promote a statistical tumor control in
comparison with the free drug treatment, as presented in Supplementary Figure 4. This is an important
indication of the positive effect of the combined treatment of the two drugs entrapped in a single

liposome.

In addition, we observed that tumor and metastasis control observed in Lipo-Pacli/Dox-treated animals
was associated with a significant reduction in liver hematopoietic infiltration, which is connected with a
tumor tolerogenic phenotype [16,17]. The results highlighted here suggest that Lipo-Pacli/Dox, in
comparison with the free drug (Pacli + Dox) treatments, promoted an important immunological
reorganization, which aimed for immune surveillance against an orthotopic 4T1 breast cancer model. In
addition to dramatically prolonging animal survival, the use of Lipo-Pacli/Dox resulted in a significant

benefit, even compared with the administration of free Pacli/Dox.

Taken together, our results indicate that this immunological change is a consequence of the Lipo-
Pacli/Dox delivery to tumor and metastatic tissues, as shown in the in vivo liposome imaging.
Pharmacokinetic modulation is one of the goals of nanomedicine, and the results shown here confirm
the ability of these nano-sized carriers to improve some pharmacokinetic properties, such as tumor

targeting [13,18]. One specific advantage of the liposome used in this study is that the vesicle is a
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multilamellar liposome, as shown in the microscopy images (Figure 3A). This pattern is interesting
because it produces vesicles with several phospholipidic layers, which are spaces created for entrapping

hydrophobic compounds, such as Pacli.

Based on our results, we conclude that nano-sized liposome carriers are an important delivery platform
that can release Pacli and Dox, acting as strong ICD drug inducers, in primary tumors and lung metastatic
tissues. In this condition, activated lymphocytes are attracted, and both tumor and metastasis are
impaired, promoting an important gain in treatment effectiveness. ICD induction has been a high-profile
topic in the oncology literature since 2007 when Obeid and co-workers [5] stated that some
chemotherapeutic al drugs, including Dox, are ICD inducers. This has been never important finding
because some drugs, used specifically as cytotoxic compounds, could also act as elements that activate
the immune system against tumor tissues and/or hidden metastasis spots. As defined, ICD is a sub-type
of apoptosis, or regulated cell death, which triggers an adaptive immune response against some specific
tumor antigens released during cell death [6]. ICD is characterized by the release of immuno-stimulator
molecules, such as ATP and HMGB1, and the translocation of CRT to cell membrane. ATP and HMGB1
work as chemotactic molecules, while CRT works as a surface recognition pattern. In this situation, CRT
is identified by phagocytic cells as an ‘eat me’ signal, which triggers the removal of dying cells by
activating immune cells. Furthermore, CRT is translocated to the cell membrane in the pre-ICD stages,
and so we decided to use CRT as an early marker of ICD in our in vitro experiments. This is an important
feature, since it stimulates the immune system, instead of suppressing it. This immune conversion was
observed in our results, when we showed a significant reduction in liver hematopoiesis, which is a

strong evidence of tumor tolerance [16,17].

One differential approach presented in this article is the innovative strategy to co-encapsulate two ICD
inducers, Pacli and Dox, in a single liposome nanocarrier. Dox is a well-known ICD inducer, and extensive
evidence of this activity is published in the literature [5,6,9]. The activity of Pacli is not so well known,
but Lu et al. [9] showed some evidence of it. Our results prove, for the first time, that both drugs can
induce surface CRT expression in 4T1 cell membranes, and the combination of the two drugs amplified

this antigen expression.
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Regarding drugs concentration used in our in vitro experiments, the free Dox (5 uM) and free Pacli (5
KUM) concentrations were established based on previous publications [9]. In this paper, the authors
identified that both Dox and Pacli are able to induce ICD in 4T1 cells in both 5 and 10 uM. As we also use
the two drugs together, in the same exposition time, we decide to use the 5 uM of each drug in the
combined treatment. For DTX exposition, we used the same molar concentration of the other two ICD-

inducers.

This is an important result since both drugs are in clinical use and could be investigated and applied not
only in cytotoxic therapies, but also to trigger immune activation. In this in vitro experiment, our main
objective was to investigate the free drug’s effects against 4T1 cells. Surface CRT expression is one of the
hallmarks of ICD, and this is a consequence of CRT translocation, which is constitutively expressed at the
endoplasmic reticulum membrane, to the surface cell membrane. In addition, during ICD, dying cells
secrete ATP and release HMGB1, which work as chemotactic agents, attracting antigen-presenting cells,
such as dendritic cells. In turn, CRT acts as an ‘eat-me’ signal that will trigger tumor antigen recognition,

lymphocyte recruitment and infiltration of activated lymphocytes within tumor and metastatic tissues.

In addition to ICD induction by Pacli and Dox, we also observed an important improvement in drug
tolerability and toxicity reduction when drugs are entrapped in the liposome nanocarrier. The adverse
effects caused by chemotherapy, during and after treatment, are a limiting factor that significantly
affects the patient’s life quality during cancer treatment [13]. Based on the parameters analyzed in this
study, it was observed that Pacli and Dox encapsulation improved mouse survival and reduced overall
weight loss during the entire experimental period in comparison with free drug administration. It is
important to point out that animals treated with Lipo-Pacli/Dox had a moderate body weight loss during
the experiments; however, this reduction was significantly different to data from animals treated with
the free drug administration. This is not an ideal condition, but considering the high toxicity impact of
these drugs, any kind of possible toxicity impairment is important in a future possible clinical

application.

Furthermore, we also observed that liposomes attenuated mouse hematological toxicity. Analyzing the

hematological data, we observed that the free drug treatment induced severe anemia in comparison
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with healthy mice and mice treated with Lipo-Pacli/Dox. Anemia is one of the most common side effects
of Pacli/Dox chemotherapy [19]. The dose-limiting improvement provided by the liposome is an

important advantage related to these nanocarriers, in comparison with conventional free drug therapy.

The 4T1 tumor-bearing mouse model is characterized by significant leukocytosis and unique liver
extramedullary hematopoiesis, which are strongly correlated to the tumor tolerogenic phenotype
[9,14,20]. The key point is that the huge number of leukocytes, massively produced during liver
hematopoiesis, are immature immune suppressor cells, and they contribute to immunogenic tolerance,
typical in this tumor model. For this reason, all 4T1 tumor-bearing mice present huge leukocytosis and a

strong tendency to metastasis due to immune response suppression [20].

For leukocyte count in animals treated with free Pacli/Dox, the number of cells were similar to results
obtained in healthy mice; however, this was reduced in comparison with the Lipo-Pacli/Dox mice. In a
preliminary analysis, this last observation was a good result for the free drug treatment; however, the
amount of liver hematopoietic tissue, were the immature immune suppressor cells are proliferating, did
not decrease. On the contrary, liver hematopoiesis increased for the free drug-treated mice. These
results suggest that the free drugs induced important control of leukocytosis by inducing a strong bone
marrow hematopoietic toxicity; however, the suppressor cells produced in the liver hematopoietic
tissue were not reduced, increasing the immune-suppressed phenotype. Thus, we can suggest that we
are observing the toxic effect of the Pacli/Dox treatments when the drugs are administered alone, and

the toxicity prevention when the same drugs are administered entrapped in the liposome drug carrier.

These hematological observations correlate with primary tumor control and with the prevention of
metastasis [12,16]. As shown in the tumor progression analysis, Lipo-Pacli/Dox promoted significant
tumor growth impairment, in the three methodological analyses (tumor volume, bioluminescence and

weight).

Interesting to note that comparing the two methodologies (volume/weight and bioluminescence
analysis) used to measure tumor growth and progression, different data were obtained in these two

methods used. These slight differences can be detected because techniques measure different types of
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primary data. For instance, tumor volume measures tumor tissues, plus the inflammation around
tumors. In this situation edema is also counted and it is impossible to separate them. On the other hand,
bioluminescence measures only the biological activity of tumor cells, which have the luciferases enzyme

constitutively express.

Furthermore, thoracic bioluminescence, lung microtomography and histopathological evaluation
confirmed the reduction of metastasis in the Lipo-Pacli/Dox-treated mice in comparison with the free
drug-treated mice. In addition, TIL infiltration is well known as a strong prognostic for tumor control [4],

and it was a fundamental biological event for the metastatic prevention observed in our results.

Based on this discussion, and from previous publications by our research group [12,16,21], it is
reasonable to suggest that the 4T1 cells establish their tumor spots in the mice as a consequence of
systemically induced events, affecting different organs, including lungs, liver, spleen and bone marrow.
The process probably starts with the super-production of GM-CSF by the 4T1 cells, which attract certain
hematopoietic cells, especially the myeloid derived suppressor cells (MDSCs), to home in on the liver
tissues [17]. After that, the MDSCs seem to upregulate the regulatory profile of liver macrophages,
contributing to immunosuppression in the mouse phenotype [17]. Thus, this immunosuppressed

systemic condition creates a tolerant environment for tumor progression.

Breaking this vicious immunosuppression cycle, when malignant cells recruit MDSC to protect
themselves, which is common for several other types of cancer, remains a challenge and researchers are
intensely involved in this task. In this paper, we present results that indicate that conventional cytotoxic
drugs, such as Pacli and Dox, when delivered in a liposome nanocarrier, could be a useful strategy to
partially reverse systemic immunosuppression and improve therapy effectiveness. In addition, as
commented previously, the use of traditional cytotoxic drugs as immune activators, by inducing ICD, is
an appropriate strategy to provide faster translatable protocols for oncology patients, improving their

survival and quality of life.
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Conclusion

The concept of chemotherapy-induced ICD has been described in the literature for some decades;
however, investigations began to intensify a few years ago with regard to the drugs already used in
clinical practice as a practical and reproducible principle of immunotherapy. From the results of this
study, we demonstrate that the number of TILs in the metastatic lung contributes to a positive
prognostic factor in controlling the progression of the pathology and adds important prognostic
information to the survival estimates when treatment involves the encapsulation of the
chemotherapeutic agents that induce ICD, combining Pacli and Dox. In addition, the use of a nanocarrier
guarantees a safe decrease in the adverse effects of chemotherapy, compared with free drugs.
Together, these results indicate that, within this approach, Pacli and Dox could act not only as cytotoxic

drugs, but also as immunological modulators for clinical applications.
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Summary points

» Doxorubicin and paclitaxel, classical cytotoxic drugs can induce the immunogenic cell death (ICD). The ICD was observed in vitro,
in 4T1 cells, an aggressive metastatic breast cancer cell.

* The main hypothesis involved in ICD is that dying cells can release and/or exposed ‘eat me’ signals to defense cells. An evidence
of that was the increase lymphocyte infiltration in metastatic lesions.

» Liposomes are interesting drug delivery system for drug administration. In our results, it was possible to observed that for pre-
clinical tumor mice models, the liposome vesicles can deliver their cargo to tumor tissues.

 Itisinteresting that the 4T1 tumors produce a strong tolerogenic environment by inducing the production of immunosuppressive
leucocytes, that impair immunological surveillance.

* Liposome, as a drug delivery system can increase the delivery to tumor tissues, but they are also an interesting system to
improve drug solubility, as shown for paclitaxel encapsulation.

* As shown in our results, confirming some literature information, lymphocyte activation and infiltration in tumor tissues is an
important step for tumor control.

* Drug encapsulation, such as showed for the Lipo-Pacli/Dox vehicle is an interesting strategy to significantly reduce drug
chemotherapy toxicity.

* Following the toxicity reduction, we also observed that liposome is also useful to improve mice model survival during
chemotherapy.
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6. CONCLUSOES GERAIS

o A combinacdo dos farmacos paclitaxel e doxorrubicina demonstraram ser

potentes indutores de morte celular imunogénica;

o A encapsulacdo dos farmacos combinados demonstrou ser capaz de reduzir

significativamente a toxicidade sistémica destes quimioterapicos apds administracao;

o A combinagdo de Pacli e Dox também demonstrou ter a capacidade de otimizar

a atividade antitumoral e antimetastatica dos farmacos carreados;

o Foi observada uma correlacdo positiva entre o infiltrado linfocitico e o controle

da progressdo das metastases.
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